The depth of an image system can be extended by an axicon which can generate line focus. According to physical optical theory, the diffracting patterns of the defocus point spread function (PSF) for the imaging system with axicon are analyzed through the generalize pupil function. The expressions of the PSF for the imaging system illuminated by white light are described as the superposition of the intensities in individual monochromatic patterns. Experimental results show that the central portion contains the most energy of the diffraction pattern from the PSF produced by the white light, and the contrast of secondary outside circular rings decreased rapidly. Furthermore，the central spot radius varied slowly with the increase of defocus parameter, and the depth of field of the imaging system is effectively extended with a shortcoming that the images need further processing.
INTRODUCTION
In 1987, the team of J. Durnin found the solution of the Maxwell's wave equation, which was given as zero-order Bessel function forms, and first put forward the concept of nondiffracting beams (Durnin, 1987) .
Nondiffracting beams which has characteristics that the size of central spot and shape does not change significantly over a propagation distance. In 1992, G. Scott and other researchers used the axicon to generate nondiffracting beams (Scott and McArdie, 1992) .
The 'axicon', first introduced by McLeod in 1954, can form an extended focal segment which has the zero-order Bessel distribution, and it can also generate annular beams in the far region. (McLeod, 1954) . Axicons have been incorporated in numerous applications. Zhai using the axicon, simulated by a spatial light modulator to to improved the efficiency of laser processing (Zhai and Kuang, 2014) . Guillaume Druart demonstrated the diffractive axcion has image-zooming capability, and they realized a x2 linear system (Druart et al., 2008) . Zeng et al. used a refractive axicon to transform an input Gaussian laser beam into a collimated annular beam, which refer to as optical trepanning. (Zeng et al., 2006) .
In recent years the ability of annular linear axicons for extending the depth of field of imaging system has proposed by some researchers (Mikula et al., 2005) . They fixed the distance between the input object and the diffractive elements, and obtained output images in different output planes behind the axicon. In an early publication (Zhai and Zhao, 2007) , we have derived the diffraction patterns of an axicon illuminated by a red high brightness LED, and the patterns were looked as the PSFs of the axicon imaging system. However, the expressions of the PSFs were calculated by the point light source in different positions，not by the defocus aberration.
The aim of this paper is to analyze the imaging principle of axicon, and to analyze the relationship between the PSF and the defocus parameter. Imaging results proved that the axicon can extend the depth of field. The images created by this system can be observed in real time, but they exhibit a very poor contrast. For getting clearer images, digital processing method is required.
THEORIES

Defocus Aberration
It is well known that defocus aberration manifests itself by a quadratic phase at the imaging system pupil, i.e.
where (u, v) are the normalized coordinates of the pupil plane, and the defocus parameter φ is defined by the following expression (Eliezer et al., 2008) :
where W 20 is Hopkins defocus factor, d is the pupil radius, λ is the wavelength, f, l and l' are the lens focal length, the distances from the object and the image to the lens respectively.
Obviously, when imaging condition is fulfilled:
From equation 2, we can observe that the defocus parameter φ equals zero. In the large DOF imaging system, when a focus aberration occurs, as shown in figure 1 , the wavefront is deformed and it can use the generalize pupil function to describe the defocus error. The defocus factor is given as:
where r is the radius of the pupil. z l is the distance from the ideal image plane to the lens, and z a is the distance between the lens and the defocus image plane. In the common imaging system, the defocus factor is changed with the increase of z a . 
Imaging System Design
An imaging system was arranged as shown in figure  2 . It mainly includes a light source, battery of lens, an axicon, a CCD detector and a computer. The axicon is placed at the back of lens, and a CCD camera is used to capture intermediate images when the object moves within a specified region before the lens. The object is illuminated with incoherent light. The quality of the intermediate images is so poor that an image processing portion is needed. For better considering the depth of field, in the designed imaging system, the distances between the lens, axicon and CCD camera are fixed. It requires postprocessing steps in order to achieve a high quality image, so it is a two step imaging system. 
PSF of Defocus
Consider a thin axicon with a transmittance function given by
where u, v are the normalized pupil coordinates, n is the refractive index, D is the diameter of the axicon, k is the wave number 2π/λ, and θ is refracting angle. After putting the axicon in the pupil of the imaging system, when aberrations are introduced, the generalized pupil function may be described as
where φ is the defocus parameter.
According to the theory of Fourier optics, in the diffraction-limited imaging system, the point spread function is the Fraunhofer diffraction pattern of pupil function. Therefore, we can obtain the PSF of the system with the axicon as: where A is the amplitude of the incident beam, Z i is the distance from the axicon to the image plane.
The optical system is circular symmetry, and for the sake of simplicity, we make a transformation to polar coordinates in both the (u, v) and the (x, y) planes as follows: 
Taking into account the circular symmetry of the second integral in Eq (9), we use the Bessel function identity
where J 0 is a Bessel function of the first kind, zero order. Substituting (10) in Eq.(9), we can obtain
With the stationary phase method (Goodman, 1996) , Eq. (11) can be approximated by following: 
In an incoherent imaging system, the intensity of point spread function can be given by
For the sake of simplicity, 1-D analysis of Eq. (14) is performed as: Note that Eq. (15) is the expression of the PSF of the axicon imaging system under monochromatic light. If the light source is polychromatic light or white light, the PSFs for the these source are different from Eq.(15). The white light can be represented by a combination of mutually incoherent monochromatic components extending over a range of frequencies. Each component produces a diffraction pattern as described above, and the total intensity is everywhere the sum of the intensities in these monochromatic patterns. If the wavelength bandwidth of the light source is λ∈[λ beg , λ end ], the PSF of imaging system with axicon illuminated with white light can be expressed as 
SIMULATION AND EXPERIMENT
To demonstrate the above theoretical analysis, we have carried out numerical simulations and experiments. Numerical simulations for the PSFs at different defocus aberration conditions φ =0.5π, π, 2π, 4π, were done by use of Eq. (16), as shown in figure 3.
Some parameters were given by θ = 0.05, n =1.5, z =120mm, f =120mm, D = 10mm and λ∈ [380, 780] nm. From figure 3, it follows that the central spot radius varied with the change of defocus parameter φ. An experimental imaging system was constructed based on figure 2, and some parameters of this imaging system are the refractive index of the axicon n = 1.5, the refracting angle of the axicon θ = 0.01rad. Figure 4 gives the experiment result of the normalized PSFs for the system under incoherent illumination in case of l =160, 210, 260, 310mm. Obviously, the central portion contains the most energy of the diffraction pattern from the PSF produced by the white light, and the contrast of secondary outside circular rings decreased rapidly. Therefore, the imaging characteristics of the system with the axicon are mainly determined by the central spot. An imaging experiment for a candlestick with two different diameter parts was exhibited using the same system. Figure 5 presents the structure diagram. The images in figure 6(a) and 6(b) were taken by the standard imaging system without the axicon, and the image in figure 6(c) was acquired in the case of the system with the axicon. From figure 6(a) and 6(b), it is obvious that only one part of the candlestick is clear which is in the focus plane, and the other part is blurring for the reason of defocus.
In figure 6 (c), we also can observe that even the
（a） （b） （c） （d） images of the both parts of the candlestick are not as clear as the images in focus plane, but they are more clear than those in the out of focus place. Therefore the image acquired by the imaging system with the axicon is insensitive to defocus, and the depth of field of the imaging system is effectively extended. However, it has a shortcoming that the images have low contrast and low resolution. The quality of the intermediate images is so poor that an image processing portion is needed.
CONCLUSIONS
We have investigated the imaging feature of the axicon for extending depth of field. The diffraction intensity distribution of PSFs of the imaging system illuminated with monochromatic and white light are clearly derived based on the generalize pupil function. The experimental results proved that the PSF for white light could be obtained by the superposition of the intensities in individual monochromatic patterns, and imaging results showed that the axion can extend the depth of the field with unclear images which need further processing.
